Cellular membranes are constantly reshaped by vesicular fission and fusion as well as by interactions with the dynamic cytoskeleton. Signaling activity at membranes depends on their geometric parameters, such as surface area and curvature; these affect local concentration and thereby regulate the potency of molecular reactions. A membrane's shape is thus inextricably tied to information processing. Here, we review how a trinity of signaling, cytoskeletal dynamics, and membrane shape interact within a closed-loop causality that gives rise to an energy-consuming, self-organized system that changes shape to sense the extracellular environment.
Introduction
Francois Jacob (Jacob, 1977) described natural selection as a process of tinkering (bricolage) with available resources to generate new functionalities. The functional diversity of cellular membranes represents a very clear example of this principle. A priori, the plasma membrane of a cell acts as a selective barrier around the cytoplasm that maintains its nonequilibrium ''living'' state. Within the context of an organism, the plasma membrane also integrates the internal cytoplasm with the surroundings by initiating signaling cascades. In this capacity, the membrane goes beyond the role of gatekeeper to allow for efficient catalysis of biochemical signaling reactions. It functions in this role primarily via dimensionality reduction in the diffusible space of protein reactants (Adam and Delbruck, 1968) . As an example of this principle, we will discuss how the interaction of the oncogenic signaling protein Ras with membranes affects the reactivity of its effectors and thereby propagates signals.
In addition to a two-dimensional surface area, a membrane also represents a deformable material whose interaction with the cytoskeleton generates a multitude of cell shapes. The membrane shape, in turn, affects the properties of signaling reactions, and we will elaborate on recent findings along these lines (Rangamani et al., 2013) .
Cytoskeletal dynamics depend on signaling, and the triad of signaling, cytoskeletal dynamics, and membrane shape therefore forms a closed loop. We will close this Review by discussing the ability of the membrane to present a deformable, reactive medium that, in concert with the cytoskeleton, provides the cell with spatial information-processing abilities that go hand in hand with its adaptive morphology.
Dimensionality Reduction at Membranes Empowers Signaling Reactions
According to the law of mass action, the kinetics of a signaling reaction is determined by the product of the rate of random collisions of the reactants and the probability (X) that a collision will lead to binding. The reaction rate is thus factorized by the concentration of the reactants and by the rate constant that encapsulates the product of the summed diffusion speed of the reactants and X. When cytosolic signaling proteins associate with membranes in response to signals from transmembrane receptors, their diffusible space is reduced from three dimensions in the cytosol to two on membranes (Adam and Delbruck, 1968; Kholodenko et al., 2000) , causing a dramatic increase in their concentration and therefore collision frequency.
However, this concentration increase is accompanied by a reduction in the diffusional mobility of the reacting proteins. For example, a peripheral membrane-signaling protein like Ras with a molecular weight of 21 kDa slows down its diffusion from $20 mm 2 /s in the cytoplasm (Dayel et al., 1999) to $1 mm 2 /s, when associated to the plasma membrane (Ziemba and Falke, 2013) . Axelrod and Wang have considered whether dimensionality reduction provides a gain in reaction rate for extracellular ligands associated with the plasma membrane prior to their binding to receptors at the cell surface (Axelrod and Wang, 1994) and concluded that reaction rates do increase despite the reduction in mobility of the reactants. Their theory can also be applied to signaling proteins recruited to the plasma membrane from the intracellular space. For simplicity, we consider here a typical dimerization reaction of a protein with radius r a that transduces signals within the dimensions of a cell with radius R (Zamir et al., 2013) . Initially, the effector protein diffuses in the cytoplasm of volume 4/3 p R 3 . After signalingmediated recruitment to the plasma membrane, the effector diffuses in the shell of 2 r a thickness adjacent to the plasma membrane, comprising a volume of 4 p R 2 * 2r a . The corresponding increase in effector concentration is R/6r a , or 1,000-fold, for a 2 nm radius protein in a cell with 12 mm radius, which results in a 50-fold increase in the dimerization rate, even for a 20-fold lower diffusion speed on the membrane. This still is an underestimation due to the reduction in the degrees of freedom of the protein's mobility upon membrane binding, which improves the chance X that collision leads to binding. Thus, dimensionality reduction trumps reduced diffusional mobility in promoting signaling reactions at the plasma membrane, and this is particularly true for transmembrane proteins that benefit greatly from the pre-orientation and anisotropy of insertion into a membrane (Grasberger et al., 1986 ). As we explain below, an aspect of Ras's function as a major oncogenic signaling protein is to serve as a reactivity-enhancing recruitment factor that concentrates effectors at the plasma membrane. Ras is a GTPase that will interact with effectors and thereby recruit them to the plasma membrane only when activated by guanine nucleotide exchange factors (GEFs) that form complexes with adaptor proteins binding to activated growth factor receptors like the receptor tyrosine kinase (RTK) EGFR at the plasma membrane. The activated RasGTP, in turn, will recruit and concentrate effectors such as BRaf on the plasma membrane ( Figure 1A ). BRaf is activated in asymmetric dimers that contain an activator kinase that allosterically induces cis-autophosphorylation in the activation loop of the receiver kinase . The interaction of BRaf with Ras not only triggers a conformational change to allow this asymmetric dimerization to occur, but also enhances the BRaf-dimerization reaction (Nan et al., 2013) by dimensionality reduction at the plasma membrane (Figure 1 ). In a similar vein, the phosphorylation of CRaf in the N-terminal acidic (NtA) motif by membrane-associated kinases such as Src (Fabian et al., 1993) or protein kinase C (PKC) (Kolch et al., 1993) allow it to become the activator kinase in asymmetric dimers (Chong et al., 2003) . PKC is itself recruited to the plasma membrane by the lipid second-messenger diacylglycerol. Both CRaf and one of its activating kinases are thus translocated and concentrated on the plasma membrane, thereby largely increasing the kinetics of CRaf NtA phosphorylation by PKC and enabling the propagation of signal via Ras and its downstream MAPK pathway. Although this model is highly simplified, it illustrates how the amount of Ras at the plasma membrane has a large impact on its activation and signaling output by enhanced reactivity at the plasma membrane. An important aspect of signaling efficiency at the plasma membrane involves preventing the equilibration of plasma-membrane-associated signaling molecules like Ras to the extensive endomembranes inside of the cell (Rocks et al., 2010; Grecco et al., 2011; Chandra et al., 2012; Zimmermann et al., 2013) . However, given the focus of the Review on membrane shape, we will not elaborate here on how such a nonequilibrium distribution at the plasma membrane is maintained.
Membrane Curvature Empowers Interactions
The above discussion considered the plasma membrane as a uniform recruiting surface. However, inhomogeneity in membrane curvature affects protein association, as illustrated by a simple reaction-diffusion simulation of binding an initially unbound, cytosolic protein to a curved membrane. Transient enrichment on surfaces of high convexity and depletion on surfaces of high concavity occurs until lateral diffusion on the membrane equalizes these gradients ( Figure 2A ). The reason for this initial gradient is local depletion of the cytosolic concentration in cavities, where the local surface-to-cytosol ratio is high, and resupply is limited by cytosolic diffusion. This is exactly opposite for protruding membrane folds that have a low local surface-tocytosol ratio and access to a large diffusible cytosolic pool. A theory of this concept of locality of surface-to-volume ratios A) A growth factor EGF activates EGFR, which enables a GEF complex to activate Ras to recruit Raf to the plasma membrane. The ensuing conformational change and dimensionality reduction in diffusible space of Raf enhances the Raf-dimerization reaction. In asymmetric dimers, phosphorylated activator Raf molecules induce allosteric cis-autophosphorylation in the activation loop (AL) of the receiver Raf kinase. (B) Cellular automata simulation of part of the reaction-diffusion processes outlined in (A) illustrates the enhancement of Raf-AL phosphorylation by dimensionality reduction after plasma membrane recruitment. By binding RasGTP at t 0 , Raf (unphosphorylated in the AL, red; phosphorylated, green) associates to the plasma membrane, which consequently accumulates a high concentration of Raf dimers (blue). In the simulation snapshots at three different time points (arrows pointing at images in lower row), the three species-unphosphorylated monomers, dimerized and phosphorylated Rafare color coded as in the upper plot, where magenta represents a mixture of unphosphorylated monomers and dimers and cyan represents a mixture of dimers and phosphorylated Raf. The concentrations of the respective species are intensity coded from saturation (100%) to black (0%). cis-autophosphorylation induced by this dimerization at the plasma membrane outcompetes cytosolic phosphatase activity, even by disregarding the change in space occupancy and keeping the reaction rate of (de-)phosphorylation constant and identical in the cytosol and at the plasma membrane.
was recently developed and was demonstrated to operate in signaling (Rangamani et al., 2013) . In this work, it was shown how a transient enhancement of receptor activity after increased ligand binding in curved plasma membrane areas of elliptic cells with increasing eccentricity can mediate enhancement of kinase activity in downstream signaling pathways. The authors thereby demonstrated that information contained in the cell's shape could be transformed into measurably different MAPKphosphorylation levels in the nucleus. Matter exchange by lateral diffusion between areas of high and low curvature at the plasma membrane will eventually equilibrate the ligand-induced inhomogeneity of receptor activity. When, however, fission of membrane areas with high curvature occurs, this matter exchange cannot take place, and a stabilization of the enhanced interaction with cytoplasmic effectors at the membrane interface of the endocytosed vesicle could occur.
In Figure 2B , the two extremes for membrane curvature are represented for a transmembrane receptor within a flat plasma membrane surface that is contrasted to a receptor within the membrane of an endocytic vesicle. For an almost flat plasma membrane bilayer, the local surface-to-volume ratio is identical for the inner and outer leaflet. Upon endocytosis, the ''grid'' of soluble volume is distorted from a square to a circular symmetry by introducing curvature, resulting in a low versus high surface-to-volume ratio inside and outside of the vesicle, respectively. Endocytic vesicle budding results in a convex geometry with respect to the cytoplasm. Per membrane area, the cytosolic tails of activated receptors are thus exposed to a larger number of freely diffusing effectors in the cytosolic volume, resulting in optimized recruitment of effectors to, for example, phosphotyrosines on activated RTKs in the budding vesicle. In this stage, there is material exchange between areas of high and low curvature by lateral diffusion that re-equilibrates the concentration gradients of receptor activity. Once fission occurs, the closed-membrane system of the endosomal vesicle cannot exchange matter with flat surface areas of the plasma membrane any longer, maintaining an enhanced reactivity toward cytosolic effectors with respect to the plasma membrane. The limited number of ligands contained in the small endocytosed volume are exposed to a larger number of enclosed receptors, resulting in optimal binding at steady state and ligand depletion from the lumen. Both of these effects may result in maximized signaling activity of endocytosed RTKs, as has been observed (Sorkin and von Zastrow, 2009). Its concentration is normalized in each frame and is false color coded from white (100%) to dark green (0%). Local cytosolic depletion in concave regions of the plasma membrane that have a larger local surface-to-cytosol ratio causes a significantly lower membrane-bound concentration in these regions (red-orange versus white). The contrast to convex stretches of the plasma membrane is most prominent at t = 10 s but is almost completely equilibrated by lateral diffusion by t = 100 s. (B) A transmembrane receptor in a flat section of the plasma membrane is exposed to ligands in the extracellular milieu and effectors on the intracellular side. Upon endocytosis, the symmetry of the system changes substantially, as indicated by the distortion of the 5 3 8 cartesian grid into a 5 3 8 grid of polar coordinates. The convex outer surfaces of endosomes are exposed to more of the cytosol (surface-to-volume minimal) and the inner side to less of the lumen (surface-to-volume maximal). In this manner, the extracellular ligand contained in an endosomal vesicle will have a high chance of binding a receptor, whereas the activated receptors are optimally exposed to their cytosolic effectors. In contrast to the curvature-enhanced receptor activity that equilibrates over time, the closed membrane system of the endosomal vesicle cannot exchange matter with flat surface areas of the membrane, maintaining an enhanced reactivity toward cytosolic effectors with respect to the plasma membrane.
Another example of membrane-curvature-enhanced interactions comes from recent studies of the inner mitochondrial membrane. This membrane is morphologically defined by repeated infolding that forms the cristae. Cogliati et al. (2013) carried out manipulations that enabled alternation of cristae shape. They found that these morphological changes impacted the assembly and activity of the respiratory chain complexes (RCC) that reside in this membrane. In contrast to the case of RTKs described above, the formation of supercomplexes from RCC building blocks occurs exclusively within the inner mitochondrial membrane, and their activity might not transiently dependent on recruitment of soluble ligands or reactants. Nonetheless, the efficiency of mitochondrial-dependent cell growth appears dependent on cristae morphology, providing an organellar example of membrane shape influencing cellular physiology.
Though as far as we know, cristae shape is unlikely to be highly dynamic, curves and protrusions at the plasma membrane can be very dynamic. In addition, the curvature-induced enhancement of receptor activity at the plasma membrane is a transient phenomenon in response to sudden elevation of extracellular growth factor concentrations that recovers morphological information on the timescale of intracellular signaling. When these transient activity gradients that arise from local membrane geometries interact with dynamic cytoskeletal structures, selfamplifying feedback between the cytoskeleton, the membrane shape, and signaling may arise. We will now elaborate on this concept of interconnectedness of membrane shape and reactions in self-organizing information-processing structures.
Integrating Membrane Form, Cytoskeletal Dynamics, and Signaling As described above, a curved plasma membrane protrusion reacts differently to extracellular signaling events than the flat membrane region from which it extends. Such protrusions can be formed by the dynamic interactions of growing microtubules with the plasma membrane. A simple model for the biogenesis of membrane protrusions in neurite initiation (Dehmelt et al., 2006) exemplifies mechanistic pattern formation that relies on the interaction of plasma membrane surface tension and force of microtubule growth (Dehmelt and Bastiaens, 2010) . The exploration of possible initiation sites occurs by fluctuations in several parameters: speed of microtubule growth, microtubule density, and local curvature of the membrane. As illustrated in Figure 3A , the fastest-growing microtubule will slightly bend the plasma membrane. If, by chance, local microtubule density is high due to dynamic instability of radial microtubule growth in all directions (Mitchison and Kirschner, 1984) , a neighboring microtubule will generally experience a net force toward the tip of the initial deformation, as illustrated by the green arrows in Figure 3A . This results in an amplification of the initial membrane deformation and bundling of contained microtubules to form a stable membrane protrusion. A simple physicochemical system with analogous behavior-the formation of ''wine tears'' in a glass of wine as one example of the Marangoni effect (Pesach and Marmur, 1987) -illustrates that such self-organization can occur spontaneously with a minimal set of ingredients at the expense of energy. Along the upper edge of a film of wateralcohol mixture, fluctuations in the speed of alcohol evaporation lead to the accumulation of drops, similar to the initial deformation of the membrane by the fastest-growing microtubules. The volume of the drop grows nonlinearly over the contact surface with the glass, resulting in a self-amplifying increase in weight of the drop until gravity overcomes adhesion. In this example, the pull of gravity is analogous to the pushing force of microtubule growth. The pulling force is counteracted by the combination of surface tension and adhesion in case of the drop, whereas the surface tension of the plasma membrane counteracts the pushing force of microtubule growth. Though a forming drop locally depletes the rim of its liquid, exploration of the surface tension along the rim by the fluctuations reinforces the formation of drops at characteristic distances. Indeed, the energy of alcohol evaporation raises the edge of the mixture upward along the glass against gravity. In an analogous manner and without requiring a biochemical regulatory feedback, cell polarity can arise from the interaction of axial microtubule growth and plasma membrane deformability.
The curvature-dependent mechanism of transient receptor activity enhancement presented by Rangamani et al. (2013) now adds a second level of organization in which the membrane extension becomes a sensing device. For simplicity, we assume in the following discussion that growth factors binding to an RTK provide a cell with a chemotactic stimulus (Roussos et al., 2011) . Compared to the rest of the plasma membrane, RTKs in the curved region of the membrane protrusion transiently bind more extracellular ligand and thereby preferentially trigger their autocatalytic activation ( Figure 3B ). An activated RTK can also promote its own inhibition by, for example, recruiting a cytosolic phosphatase to its phosphorylated tyrosines (Keilhack et al., 1998) . This negative feedback spans long distances because the cytosolic diffusion of the phosphatase is faster than the slowly diffusing RTK in the membrane. Autocatalysis of the RTK in conjunction with this long-range negative feedback constitutes a typical activator-inhibitor system that can spatially constrain RTK activity into local hot spots upon global activation (Grecco et al., 2011) . This system will thereby maintain localization of RTK activity that was preferentially triggered in the protrusions while inactivating RTKs in the rest of the plasma membrane. The system is reversible in that the RTKs will return to an inactive state when the chemotactic stimulus drops below a threshold. Membrane protrusions can thereby explore the extracellular environment for persistency of signals.
What is the interdependence of membrane shape and signaling in this system? The cell has intrinsic mechanisms based on activator-inhibitor excitable networks (ENs) that are also driven by random fluctuations to generate transient protrusions via F-actin in the absence of extracellular chemoattractant. The EN's architecture resembles the Turing topology (Turing, 1952) described above for RTKs with an autocatalytic loop and long-range inhibition ( Figure 3B) . In one such EN, the autocatalytic loop has been suggested to occur via Ras-PI3K and actin (Sasaki et al., 2007) , whereas the negative feedback could be provided by PTEN activity or the GTPase-activating protein NF1 for RasG (Iglesias and Devreotes, 2012) . The stochastic fluctuations in membrane protrusions that result from EN activity allow the cell to explore its immediate environment for chemoattractants by triggering localized RTK activity as described above. We thus have a system that allows enhanced detection of chemoattractants in membrane protrusions, whereas the membrane shape is not affected by chemoattractive signals. In other words, such an EN is insensitive to the spatial information conveyed by the gradient of chemoattractant.
A signaling system that does enable a chemoattractant gradient to influence an EN and the formation of membrane shape is referred to as local excitation and cytoplasmic global inhibition (LEGI) (Levine et al., 2006) . This system is comprised of an incoherent feedforward motif consisting of a stimulus (S) controlling a response regulator (RR) via an activating and an inhibiting branch reacting to extracellular cues. Here, S reflects chemoattractant-induced signaling that allows the formation of protrusions to become coupled to the output of RTK activation ( Figure 3C ). The feedforward architecture of the LEGI network generates a transient response in RR that lowers the activation threshold of the coupled EN in the membrane facing the direction of high extracellular concentration while keeping the EN constantly below the triggering threshold in the opposing regions of the cell. This adaptability biases the EN (BEN) and thereby generates transient protrusions in the direction of chemoattractant. The modulation of the EN by a LEGI network that generates directionality in membrane protrusions has been termed LEGI-BEN (Iglesias and Devreotes, 2012; Xiong et al., 2010) . A recently published example of such a LEGI-BEN system is the regulation of actin branching (BEN) by the Arp2/3 complex with its activator WAVE (Wiskott-Aldrich syndrome protein [WASP] family verprolin-homologous protein, also known as SCAR) and its newly identified inhibitor, Arpin (Dang et al., 2013) . Rac activity provides the stimulus (S) for both WAVE and Arpin and thereby couples chemoattractant receptor signaling to this LEGI network. This system was indeed shown to convey oscillatory behavior to the leading edge of lamellipodia. (A) A simple physicochemical system of an evaporating water-alcohol mixture in a wine glass (right) exhibits similar self-organizing morphogenic features to a mechanistic model of microtubule membrane interactions that generate protrusions (left). The interaction of pushing microtubules (red arrows) with the surface tension (blue arrows) of the plasma membrane in a cell resembles the balance of gravitational pull (red arrow) and alcohol-dependent surface tension (blue arrows) along the edge of a wine-covered glass. In reaction to the force exerted by the plasma membrane on the microtubules (green arrows), they generally experience a net bundling force toward the initial deformation. (B) Activator-inhibitor system comprised of an autocatalytically activated RTK (yellow, 0% activation; green, 100% activation) that recruits its own inhibiting phosphatase activity (pink, low; red, high) . The curvature at the tip of a protrusion and consequently the low surface-to-volume ratio facilitates initial RTK activation by exposing the same number of receptors to effectively more extracellular volume. The faster diffusing phosphatase limits spreading of autocatalytic activation by lateral inhibition. (C) (Left schematic) Representation of the LEGI-BEN model. In the local excitation global inhibition (LEGI) part of the network, a stimulus (S) represented by a small GTPase turns on excitation (E) and inhibition (I) processes that act in parallel on a response regulator (RR). RR acts as an input for the biased excitable network (BEN), consisting of autocatalytic activity X that activates its own inhibitor Y. (Right sequence) Activity of X at different times after initial exposure to an extracellular chemotactic gradient. The central positive feedback element X has been postulated to involve Ras, PI3K, and actin as one of many possibilities (Sasaki et al., 2007) . (D) Representation of the morphogenic, stigmergic process of membrane deformation in a chemotactic gradient. Local interactions-like binding the g-aminobutyric acid (GABA) receptor that leaves stigmergic cues in the form of Ca 2+ release to microtubules whose stability and growth react to Ca 2+ concentrations-determine the shape of the membrane in growth cones.
In this mode, the cell's transient membrane shape interlinks with adaptive signaling networks to explore its environment for chemotactic cues but lacks the membrane-shape-stabilizing activity to transform this information into movement direction. Stabilization of such exploratory membrane structures can be achieved by a Rac-dependent anchoring of a Rac activator to create a persistent cue that enhances Rac activity. This spatially regulated feedback has been termed stigmergy, coined by the French zoologist Pierre-Paul Grassé (Grasse, 1959) to explain the organization processes of termite nest building. Stigmergy paraphrases the concept of a stable, self-amplifying, local structure by leaving a sign (stigma) on work (ergon) in progress. For the Rac-WAVE/Arpin-Arp2/3 network, the stimulus Rac also triggers the formation of Coronin1A-nucleated complexes that are tethered to actin branches, thereby replacing Arp2/3. It was shown that, by harboring ArhGEF7, Pak1, and RhoGDIa, this complex efficiently activates and translocates Rac-GTP to the plasma membrane (Castro-Castro et al., 2011) . The relative strength of this Coronin1A-nucleated process versus the Arp2/ 3 activity that can still be inhibited by Arpin determines whether the cytoskeleton is locally reinforced or whether F-actin is depolymerized. These processes still respond via Rac to the triggering RTK activity and thereby can stabilize a membrane protrusion within a chemoattractant gradient. A similar stigmergic cytoskeleton-membrane system that is capable of gradient sensing was described in the polarization of receptor concentration in growth cones sensitive to GABA gradients (Bouzigues et al., 2010) . Lateral diffusion and transient binding of GABA chemoreceptors to microtubules couples the distribution of receptors to that of the microtubule orientation. When the active GABA receptors locally increase the growth rate and stability of microtubules by affecting the influx of calcium through voltagegated calcium channels (Fukura et al., 1996) , a stigmergic, positive feedback ensues that focuses the receptors and microtubules, as well as the membrane extension, toward higher GABA concentration ( Figure 3D ).
Conclusions
The geometry of biological membranes is tightly intertwined with the signal processing capability of a cell that interprets its environment. The plasma membrane represents a surface that actuates signaling by the dimensionality reduction resulting from the recruitment of cytosolic effectors to membrane-bound GTPases. The local geometric properties of a membrane curvature also determine its ability to assemble functional protein complexes and the response of a cell to external cues. To effectively interpret external cues, a cell reshapes its plasma membrane. The resulting shapes cannot persist without stabilization by protein reactivity that, in turn, is defined by the membrane shape itself. This bidirectional causality in the triad of membrane shape, organization of cytoskeletal dynamics, and signal processing enables cells to solve the problem of responding to extracellular cues recursively, where changes in the cytoplasmic state of a signaling network generate a change in membrane shape that improves the response to the extracellular signals. This enables cells to explore their shape space as well as tune their signaling activity to communicate with other cells within an organism to selforganize into higher-order patterns at a larger scale.
